The 465,813 base pair sequence corresponding to the 40.1-50.0 min region on the genetic map of Escherichia coli K-12 (W3110) was determined. Analysis of the sequence revealed that this region contained at least 466 potential open reading frames, of which 187 (40%) were previously reported, 105 (23%) were homologous to other known genes, 103 (22%) were identical or similar to hypothetical genes registered in databases, and the remaining 71 (15%) did not show a significant similarity to any other gene. At the 45.2-46.0 min region, we found a very large cluster of about 30 genes, whose functions are involved in the biosynthesis of polysaccharides as the components of outer membranes. In addition, we identified a new asn-tRNA gene, designated asnW, between the asnT and asnU genes and a new lysogenic phage attachment site as the cis-element.
Introduction
In the accompanying paper 1 we reported the complete nucleotide sequence covering the 28-40 min region on the Escherichia coli linkage map. 2 Our efforts have been continued for analysis of the rest of the E. coli genome. Here, we described the result of the DNA sequencing of the region corresponding to 40-50 min of the chromosome. Thus, the sum of the regions sequenced systematically by the E. coli genome project team of Japan is now approximately half of the whole E. coli genome. 1 ' 3 " 5 When these data are combined with those provided by Blattner and his coworkers, about 90%> of the E. coli genome 6 " 11 Communicated by Mituru Takanami * To whom correspondence should be addressed. Tel. and Fax.
+81-564-55-7690, E-mail; kishori@nibb.ac.jp will have been completed.
Materials and Methods
All materials and methods employed in this work are described in the accompanying and previous papers.
ll3 -5 DNA samples were from Kohara's miniset clones, 12 #331, #333, #334, #335, #336, #337, #338, #339, #341, #342, #343, #344, #345, #347, #348, #349, #350, #351, #352, #353, #355, #356, #357, #358, #359, #369, #373 and #374. We found two sequence gaps within these clones; one was between clone #331 and #333, although these clones were shown to overlap each other in Kohara's E. coli physical map, 12 and the other is between #336 and #337. The sequences [Vol. 3, of these gaps were determined by analysis of polymerase chain reaction (PCR) products which were amplified using E. coli genomic DNA as a template and a pair of appropriate synthetic primers. Two other gaps of about 80 kilo base pairs (kb) in total, one between the clones #359 and #369 and one between #369 and #373, were filled by the sequence data (accession nos. U00007 and U00008) which had been registered by Church and his colleagues.
Results and Discussion

Assignment of potential coding frames
We determined the complete nucleotide sequence of 465,813 base pairs (bp) using the sequencing strategy previously described. 5 This sequence corresponded to the 40.1-50.0 min region of the E. coli genetic map. The first 6888 bp sequence overlaps the terminal part of the 28.0-40.1 min region reported in the accompanying paper. To predict coding frames, we selected potential open reading frames (ORFs) which were composed of more than 50 consecutive sense codons. All these ORFs were translated into amino acid sequences and subjected to similarity analysis against the SWISSPROT and PIR protein databases using the BLASTP program. 13 When ORFs to be examined showed more than 95% identity in sequence and consistency in amino acid length to known gene products, they were referred to as known genes. The remaining ORFs with BLASTP scores of more than 100 were classified as either homologous or hypothetical according to their functions. When the function of the reported ORFs or genes were known, the corresponding new ORFs were classified as homologous; when the function of the reported ORFs were not known, the corresponding new ORFs were classified as hypothetical. The ORFs that could not be predicted by BLASTP were predicted either using the program GeneMark 14 or visually. In the latter case, the possible NH2-terminus of each predicted ORF was estimated by calculating the efficiency of the ribosomal binding site for translation by scoring matrix. 15 These ORFs were classified as new hypothetical ORFs as well. Specific sequences other than ORFs were checked by the FASTA program. The nomenclature of the predicted ORFs was based on the consecutive number of ORFs found in each Kohara clone; for example, the ORF designated as o331#l was ORF number 1 in Kohara miniset clone 331. Similarly, o336gap#l indicates the ORF which was number 1 in a gap region, termed 336gap, between 336 and 337 clones.
Computational analysis of the sequence identified at least 466 potential ORFs, as summarized in Table 1 and illustrated in the Supplement. Among them, 187 (40%) ORFs were identified as known genes reported previously. One hundred and five (23%) and 103 (22%) ORFs were identified as homologues of known genes and hypothetical genes, respectively. The remaining 71 (15%) ORFs did not show a significant similarity to any other gene registered in the databases.
Unique new ORFs
A number of large operons or gene clusters have been mapped in the 40-50 min region. Those include, for examples, a cluster of 10 chemotaxis genes (42.1-42.4 min), two clusters of at least 21 flagella genes, a cluster of 8 histidine biosynthesis genes (45.0 min), a cluster of 9 cytochrome c maturation genes (49.1-49.2 min) and a cluster of 8 nitrate reductase genes (49.2 min). 2 In addition, we found a large cluster of about 30 genes spanning 40 kb in length at 45.0-45.8 min and which is presumably involved in the biosynthesis of polysaccharides which correspond to the components of the outer membrane of E. coli. All the genes are transcribed in the same direction. The cluster could be divided into two sub-regions, one for synthesis of lipopolysaccharides and one for the synthesis of capsular polysaccharides. The boundary of these sub-regions, however, remains to be studied. This cluster starts probably at o353#13, a homologue of the capB gene encoding a protein responsible for capsular polysaccharide synthesis in Staphylococcus aureus, and is followed by a large number of functionally related genes including cpsB (o353#2, GDP-mannose pyrophosphorylase), cpsG (o353#l, phosphomannomutase), pss-like (o352#6, exopolysaccharide production protein), rfbB, rfbD, rfbA, rfbC, rfbX, rfc (o-antigen polymerase) and gnd (6-phosphogluconate dehydrogenase), in this order, and ends with the eld gene (o350#14), which encodes a protein responsible for determination of polysaccharide chain length and which is contiguously located to hisl, the distal gene of the his operon. 2 This may be one of largest gene clusters identified so far in the E. coli genome.
We identified several genes whose locations were mapped in the 40-50 min regions but their ORFs were not assigned yet; o335#8 (41.1 min) was one of these genes. Since the product of this ORF showed a high degree of similarity in amino acid sequence and length to that of kdgR from Erwinia chrysanthemi, it is assigned as kdgR, 16 a regulator gene of kdgK, kdgT, and eda, those of which are involved in ketodeoxygluconate metabolism. The two flagella genes, flhA and flhB, are known to be members of the flagella regulon in E. coli, but their sequence has not been reported. 17 We assigned o338#l and o338#2 as the flhA and flhB, respectively, because of similarity in amino acid sequence to flhA and flhB in Salmonella typhimurium. Likewise, o337#18 located next to o338#l was assigned as the flhE gene. The ssaG gene was isolated as a suppresser of a mutation of secA encoding the protein of protein secretion. 18 The prod-uct of o341#8 showed 27.6% similarity to that of secA of Staphylococcus carnosus, indicating that it is a candidate of the ssaG gene. Similarly, three genes, thiD, thiM and thiN, are known to be responsible for thiamin biosynthesis and are mapped at 46.5 min. 19 Since o359#16 (46.9 min) was found to be homologous to the thi4 gene of the ission yeast, it may be the E. coli thiM gene. o341#5 was the ftn gene encoding an iron storage protein, ferritin, 20 which corresponds to the ftnA gene (HI1384) of H. influenzae. 21 In addition, we found that o341#l near the ftn gene was homologous (34.8%) to HI1385, corresponding to ftnB which codes for a ferritin of H. influenzae. Perhaps, this ORF is a second ferritin gene in E. coli. Since the amino acid sequence of these two ORFs showed a significant similarity (36.4%) to each other, it is likely that they arose from a common ancestor gene by duplication. Similarly, two homologous genes that are in close proximity to each other, were found in the 40-50 min region. One example is a pair of two ORFs, o356#9 and o357#l, which are homologues of the arcD and arcF genes, respectively, both of which were involved in resistancy for acridine dye. These ORFs were consecutively located at 46.2 min and showed a high similarity (50.1%) to each other, suggesting that they may be the descendants of a common ancestral gene. Another example is two conceptional ORFs; one is molR (o360#7, o360#8 and o361#l) and the other is the molR homologue (yehl; o361#2 and o361#3). They were contiguous to each other and, as had been mentioned in the database, they showed a significant similarity (37.8%), suggesting that they may also have been produced by gene duplication.
We also found a number of novel ORFs similar to a variety of eukaryotic and prokaryotic genes, although their exact functions could not be addressed at present. For example, the deduced amino acid sequence of o336#2 showed significant similarity (35.3%) to the human proliferation-associated nucleolar protein pl20. Overproduction of pl20 has been shown to transform NIH3T3 cells. 22 Likewise, o336#5 (41.3 min) was identified as a homologue of ORF221, the serine/threonine protein phosphatase of bacteriophage lambda. 23 The product of o346#l (43.9 min) showed 31.1% similarity to the invasin, a protein produced by Yersinia pseudotuberculosis which allows bacterial cells to penetrate into mammalian cells. 21 This invasin-like protein is composed of 2367 amino acids and appears to be the largest proteins in E. coli. Yet, we found the product of o359#18 (46.9 min) was highly homologous (57.5%) to a narrow region (40 amino acids) of the histidine-rich glycoprotein produced by Plasmodium lophurae (malaria). 25 We identified two ORFs, o344#17 and o344#18, as a new member of the sensor-regulator two-component system, because those two ORFs are homologous to the copper response sensor (copS) and activator (copR) genes in Pseudomonas syringae, respectively. 26 Similarly, two ORFs, o335#14 and o336#l, which are pqiA and B (paraquat inducible protein A and B) homologues, respectively, were found to be another member of the twocomponent system.
The product of an ORF (o332#l) showed 32.3% homology to the 19.3-kb protein coded in a plasmid of Streptomyces ambofaciens. 27 It is interesting to note that two other separate genes (o262^1 and o304#8), both of which were located in the replication terminus region (see Table 1 
Other unique sequences
tRNA genes and IS elements are located at the sites as reported (see Fig. 1 in the Supplement). Of the nine tRNA genes identified, one located between the two known asn-tRNA genes (44 min), asnT and asnU, seems to code for a new asn-tRNA, named tentatively asnW. The nucleotide sequence predicted from mature tRNA molecule of the asnW gene was identical to those of asnT, asnU, and asnV. 28 We also found two lysogenic phage attachment (att) sites, one attP2H and one new (attB), in the 40.7-50.1 min region. Since the sequence of the new attachment site at 46.6 min was almost identical to that of the P2 att site, it appears to be the fourth integration site of P2 phage or a piece of a cryptic P2-related prophage. The attachment site of phage HK139 29 was mapped near the attP2H, but we could not assign the attHK139 site due to a lack of sequence information. The exact location of repeated sequences (BIME) and czs-elements (DNA replication terminus: Ter, recombination hotspot sequence: Chi and att) are also indicated in the figure in the Supplement section. P44117  P33011  P33012 P33O13  PO4995  P33014  P33O15  S35983  P45349 P46147  P10366 PO6988  P06986  A3O257  JS0132   PI 0371  P38739  JS0134 P06989  P35272 P37791 A00360  P36667  A91483  B91483  P36667  P37751  P07464 P37749  P37748 P37747  P37746 P37745  P37744  PV760  P37759 P37776  description 
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